Avian myeloblastosis-associated virus-induced nephroblastomas are tumors consisting mainly of mesenchymal and epithelial renal elements with variable degrees of differentiation. The spatial distribution of developmental stages reflects a gradient of differentiation from less differential structures in the periphery towards more differentiated structures in the center of the lobules formed in the nephroblastomas. These heterogenic tumors contain discrete virus-cell DNA junction fragments and are therefore clonal outgrowths of a single transformed cell. These findings support the hypothesis that a mesenchymal, nephrogenic cell residual in the postembryonic kidney is the origin of the tumor, which grows by proliferation and differentiation of this target cell. All the tumors expressed higher levels of viral genomic and env messages than nontransformed tissue from the same kidney. A screening of oncogene expression with 13 different oncogenes revealed enhanced myc levels. There was, however, no rearrangement of c-myc or of the other oncogenes detected with EcoRI-digested tumor DNAs. This suggests that there is no insertion of viral elements adjacent to a c-myc. The levels of myc expression in embryonic kidneys were as high as in the tumors. Therefore, the enhanced myc expression in nephroblastomas is a reflection of the embryonic status of the tumor rather than a newly acquired function. This finding, plus the similarity of development and morphology of nephroblastomas and embryonic kidneys, suggests that the tumors arise as a result of a deficiency in a function which turns the embryonic status off.
Nephroblastomas are embryonic tumors which consist of heterogeneous developing and terminal tissues, mainly kidney tissue. They are found in a variety of species such as swine, rabbits, chickens, and humans (10, 52) . In humans, they are known as Wilm's tumors. In the human nephroblastoma, a recessive mutation on the short arm of chromosome 11 is involved in tumor development (15, 31, 39, 44) , whereas in the avian nephroblastoma, the etiological agents are leukemia viruses. These virus complexes consist of replication-defective viruses which carry an oncogene and replication-competent helper viruses. Nephroblastoma formation has always been attributed to the replicationcompetent viruses (20, 38) which carry no oncogene and induce tumors with a long latency period. Although these helper viruses are pluripotent with respect to the tumor spectrum (5) , there is a preference for certain tumor types, depending on the virus and the chicken strain used (45) . Lymphoid leukosis viruses predominantly induce lymphatic leukemia, but osteopetrosis, nephroblastoma, erythroblastosis, and sarcomas are found as well, although with much lower frequencies. Myeloblastosis-associated viruses (MAVs), on the other hand, induce predominantly osteopetrosis and nephroblastomas; lymphatic leukemia and sarcomas are not frequently observed. Although these viruses are genetically distinct, they express similar functions, which may explain the overlapping tumor spectra. One of the functions contributing to a tumor formation is insertional mutagenesis during virus replication; most of the avian lymphoid leukosis virus (ALV)-induced B-cell tumors contain proviral sequences in the vicinity of the c-myc gene (23, 41) , and in a Rous-associated virus 1-induced erythro-* Corresponding author. blastosis, the provirus integrates next to the c-erbB gene, the cellular homolog of one of the oncogenes carried by the acute avian erythroblastosis virus (18) . In these tumors, it is a common observation that the insertional mutagenesis results in clonal growth of the transformed cells. This can be demonstrated by the presence of discrete virus-cell DNA junction fragments upon digestion of tumor DNA with appropriate restriction endonucleases (37) . In the case of nephroblastoma, there are, so far, mainly morphological observations which indicate that this heterogenic tumor, containing highly differentiated as well as undifferentiated epithelial and mesenchymal structures, is derived from a single transformed cell. It has been postulated that the target cell for transformation resides in the embryonic rests consisting of nephrogenic tissue and gives rise to the differentiated kidney elements in the tumor (3, 27) . The high degree of differentiation in nephroblastomas is in contrast to the situation of many other ALV-induced neoplasms, where the transformation leads to a block of further differentiation (20, 21) .
To get more insight into the biology of ALV-induced nephroblastomas we used the chicken strain G-B1 infected at hatching with the avian osteopetrosis virus MAV-2-O as an experimental animal model. (33) . RNA was aliquoted and stored at -80°C in 70% ethanol.
Glyoxal gel electrophoresis and gel transfer. A sample (5 to 10 jig) of poly(A)+ RNA was precipitated and washed with 70% ethanol. After drying, the pellet was dissolved in glyoxal buffer and denatured as previously described (34) . After addition of a 1:10 (vol/vol) dilution of lOx marker dye (10x dye contains 20% Ficoll, 0.02% bromphenol blue, and 10 jig of proteinase K per ml), the samples were electrophoresed on a horizontal 1.2% agarose gel in 10 mM phosphate buffer at pH 6.8. Chicken ribosomal RNAs (18S and 28S) were used as molecular weight markers. After electrophoresis, glyoxylated RNA was transferred from agarose to nitrocellulose by using 20x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate), and baked at 80°C in vacuo. To remove the glyoxal adduct completely, the filters were treated with 20 mM Tris (pH 8.0) at 100°C for 5 min (51) .
RNA dot blots. Nitrocellulose filters were wet in sterile water, incubated for 10 min in 20x SSC, and dried. A dilution series of poly(A)+ RNA was dotted, and the filters were baked at 80°C in a vacuum oven.
Hybridization reagents. The following DNA probes were labeled with 32P-deoxyribonucleotide trisphosphates (Amersham International, Amersham, England) by nick translation (28) : from pSRA-2 (11), the v-src-specific PvuII fragment E (800 base pairs) subcloned in pBR322; from Harvey v-ras, clone HB11 (14); from v-abl, clone pABlsub9 (53); from v-rel, clone EcoRI-rel (8) ; from AgtWES-SnyderTheilen felirpe sarcoma virus (47), a v-fes-specific PstI fragment subcloned in pBR322; from XgtWES-McDonough feline sarcoma virus (13) , the v-fms-specific KpnI-BgII fragment subcloned in pBR322; a v-yes-specific PstI-EcoRI fragment subcloned in pBR322 (30) ; from c-mos-containing clone pmSl, a 3.4-kilobase (kb) BgIII fragment subcloned in pBR322 (40) ; from v-myc clone pMC-pst (46); v-myb clone (42) ; from pC60 (19), a sis sequence-containing 1.3-kb PstI fragment; from murine sarcoma virus 3611, the v-raf-specific XhoI-SstII fragment subcloned in pBR322 (43); the v-ros-specific EcoRI-PvuII fragment B (750 base pairs) subcloned in pBR322 (36) ; and H191, a 2.9-kb MAV-1 5' end probe containing R, U5, gag, and some pol sequences (42) . The specific activities of the probes were 2 x 108 to 4 x 108 cpm/,ug of DNA.
Hybridization and autoradiography. Nitrocellulose filters were prehybridized in a solution containing 50% formamide, 6x SSC, 0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% bovine serum albumin, 0.1% SDS, and 100 jig of salmon sperm DNA per ml overnight. Hybridization was performed for 24 to 48 h in a solution containing 50% formamide, 6x SSC, 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin, 0.1% SDS, 100 jig of salmon sperm DNA per ml, and 2 x 106 cpm of radiolabeled probe per ml. Moderate-stringency hybridization, done at 42°C, or lowstringency hybridization, done at 37°C, was followed by washing. Washing consisted of a 5-min wash in 2x SSC-0.5% SDS at room temperature, followed by two 10-min washes in 2x SSC-0.1% SDS at room temperature and finally by two 60-min washes in 0.lx SSC-0.1% SDS at 50 or 42°C for moderate-or low-stringency hybridization, respectively. The filters were dried and exposed to Kodak NEPHROBLASTOMAS INDUCED BY MAV-2-0 215 X-Omat film in the presence of two intensifying screens at -800C.
RESULTS
Histology of nephroblastomas. The avian nephroblastoma mainly consists of differentiating renal elements containing mesenchymal and epithelial tissues (3) . In the present study, the nature of the tumors was verified and some additional features related to tumor formation were investigated by histological examination.
The major characteristic feature of MAV-2-O-induced nephroblastomas was the formation of nonfunctional nephrons within pseudolobules. Embryonic renal elements at the periphery of individual lobules continuously gave rise to differentiated nephric structures. This result in appositional growth and the formation of a gradient of differentiation towards the center ( Fig. la and b) . The lower part of the section, which is the center of a lobule, consists of terminal renal structures, whereas the upper part, which is the peripheral part of the lobule, consists of differentiating renal structures and primitive mesenchymal cells. The distribution of mitotic figures was inversely related to the degree of differentiation; almost no mitotic figures could be observed in terminal elements, whereas there was a high mitotic activity in differentiating elements. Therefore, division of the tumor cells must have stopped after they had undergone terminal differentiation. A similar behavior, formation of new nephrons, and appositional growth, could be seen in embryonic rests of the developing normal kidney ( Fig. 2a and b) .
These observations on the histology of the nephroblastoma support an old model in which it was proposed that a primitive mesenchymal nephrogenic cell in the embryonic rests of the postembryonic kidney was the target cell for transformation and that the tumor was formed by division and differentiation of this target cell (27) . If this clonal growth niodel of nephroblastoma formation is correct, we can expect that all the tumor cells of a given nephroblastoma have the same genotype with respect to exogenous virus integration, even though they express different phenotypes.
Proviral integration sites in tumor DNAs. MAV-2, and retroviruses in general, integrate at random sites in the host genome (4, 26), and it is not possible to detect distinct virus-cell junction fragments upon restriction enzyme digestion when a population of infected cells is analyzed. Only if the insertional mutation is followed by clonal growth can we expect to find proviruses at a limited number of integration sites in the DNA of a given nephroblastoma. This is demonstrated by the presence of distinct virus-cell DNA junction fragments. Therefore, we digested different tumor DNAs with EcoRI, BamHI, and PstI, separated them by gel electrophoresis, transferred them to nitrocellulose filters, and hybridized the transferred DNA with the viral 5' end probe. Since this probe detects endogeneous viruses as well as integrated and unintegrated exogenous virus-specific fragments, we used DNA from uninfected fibroblasts and DNA from infected fibroblasts (containing linear, unintegrated viral DNA), as well as normal kidney DNA from the same animals from which the tumors were derived, as controls. In addition to the virus probe, we also used pBR322 sequences alone for hybridization, since some of the tumors contained fragments which hybridized to this vector. This is probably due to bacterial contamination either within the tissue in the animal or during removal of the tumor (2) . An example of pBR322-contaminated DNAs is shown in Fig. 3 . In total, we analyzed 10 different tumors for the presence of tumor- comigrate with fragments of endogenous viruses, is located near the viral 5' end and spans the region from 1.7 to 2.9 kb downstream from the start of the proviral sequence (Boni et al., in preparation). All the tumors, including those in which no tumor-specific fragment was detected, were characterized by the presence of the 1.2-kb virus internal PstI fragment (Fig. 4) .
Expression of viral RNA. We examined the poly(A)+ RNA of nine different nephroblastomas and the corresponding control kidneys with respect to viral RNA expression by Northern blotting and hybridization with the viral 5' end probe. With this probe, we detected two RNA species: the full length genomic RNA of 8.2 kb (35S) and the env message of 3.5 kb (21S) (Fig. 5) . The reaction to the genomic RNA was always stronger than to the 21S RNA. All the tumors analyzed contained high levels of both species of viral RNAs, but the levels were different when different nephroblastomas were compared. There was, however, always more viral message in the tumors (Fig. 5, lanes a, c, e , and f) than in the controls (lanes b, d, and g). Since the autoradiogram was obtained after a 30-min exposure to the film, the viral messages of some of the controls could not be detected (Fig. 5, considered to be primary tumors and not metastases. Three of the tumors (nephroblastoma 2 from animal 3971, the nephroblastoma from animal 2130, and the left-side nephroblastoma from animal 1607) carried tumor-specific fragments with the same or very similar length ( Table 1) .
Digestion of infected DNA from chicken embryo fibroblasts with PstI gave rise to an exogenous, virus-specific internal fragment of 1.2 kb. This fragment, which does not Oncogene expression. For an initial screening, poly(A)+ RNA of two large tumors and control kidneys was isolated, and Northern blots were prepared. We tested these tumors for activation of cellular oncogenes with the following probes: myb, src, yes, sis, fms, Ha-ras, myc, fes, raf, abl, ros, rel, and mos. Probes derived from chicken DNA were hybridized under moderate-stringency conditions, and probes derived from species other than chicken were hybridized under low-stringency conditions (for details, see above). Most of the oncogenes were not expressed; rel, ros, and ras were expressed, but to the same extent in the tumors and the normal kidney. There was, however, an enhanced myc expression in the tumors as compared with the normal kidney tissue. We analyzed an additional nine tumors and consistently found enhanced myc RNA levels (Fig. 6) . The sizes of the myc-RNAs were identical in tumor and control tissue. There was no difference in the myc levels in exponentially growing infected and control fibroblasts derived from a 10-day-old embryo indicating that virus replication alone is not sufficient to enhance the myc level.
Oncogene rearrangement. We also examined EcoRIdigested DNA for possible myc rearrangements due to proviral insertions adjacent to c-myc. We found neither a rearrangement nor an amplification of myc. Furthermore, there was no difference in the EcoRI restriction pattern of nephroblastoma and control DNA probed with the other oncogenes ( Fig. 7 and 8 ). In addition to the oncogene probes used for hybridizations shown in Fig. 7 , we also hybridized with rel, ras, and mos. The mos probe, which is derived from mouse DNA, did not cross hybridize with chicken DNA, even if low-stringency conditions were used during hybridi- zation. Furthermore, there was no rearrangement of any of the tumor DNAs when they were tested with the ras probe. This was also the case when the EcoRI-digested DNAs were tested for myc gene rearrangement and amplification. We detected only the normal myc-containing fragment of 14 kb (Fig. 8) . The additional bands in some tumors (Fig. 8, lanes  d through 1) were sequences which cross-reacted with pBR322 sequences, as already shown in Fig. 3 . Therefore the enhanced myc RNA level is not a consequence of proviral integration adjacent to myc, as has been observed in most ALV-induced B-cell tumors. myc expression in embryonic kidneys. Since the cell cycle is implicated in the control of myc RNA expression (7) and since the morphology of normal embryonic kidneys is very similar to that of nephroblastomas (24), it is possible that the enhanced myc gene expression is a reflection of the higher mitotic activity in the tumors and of the embryonic status of its components. We therefore compared the myc levels of embryonic kidneys with those of the nephroblastomas and the adult kidney. Metanephric tissue used for RNA extraction was taken from 17-day-old embryos, since around this time, the metanephros enlarges and the mesonephros is disappearing (22) . In addition, we removed embryonic heart and liver and isolated the poly(A)+ RNAs. For hybridization with v-myc, we used Northern blots (not shown) as well as dot blots (Fig. 9) . The myc levels of nephroblastomas and embryonic kidneys were comparable, whereas the levels in adult kidneys were very low. In embryonic heart and liver, we also observed relatively high levels of myc RNA. They were lower by a factor of two to five when compared with embryonic kidneys. Since the morphology as well as the myc levels are correlated in nephroblastomas and embryonic kidneys, we conclude that the enhanced myc levels are a reflection of the embryonic status of the tumor rather than a newly acquired, tumor-specific property. DISCUSSION Nephroblastomas can be induced upon infection with myeloblastosis associated helper viruses (38, 49) . In strain G-B1, which is relatively resistant to osteopetrosis, nephroblastoma formation is the major neoplastic response to infection with MAV-2-0. The tumor growth is a mixture of tissues at variable stages of differentiation: epithelial nephronic elements, mesenchyme, transitional stages between mesenchyme and epithelium, sarcoma, and occasionally cartilage and osteoid (3) . The question arises whether this complex structure is the product of differentiation of a primitive transformed precursor cell or whether there is multiple growth of heterogeneous elements which then form the tumor. This question was answered by means of restriction analysis of proviruses and the search for tumor-specific fragments. We analyzed 10 nephroblastomas and the corresponding normal kidney tissues from the same animals as the tumors were derived from with three different restriction enzymes. We detected tumor-specific fragments in eight nephroblastomas; four of them contained only one tumorspecific fragment, which definitely supports the clonality of the tumors, but the presence of multiple tumor-specific fragments can be interpreted as clonal tumors composed of heterogeneous origins. The last possibility, however, is not very likely because the virus integrates in only one of two alleles. Therefore, only half of the amount of DNA used for blotting contains the provirus and can give rise to a tumorspecific fragment; if the tumor is composed of heterogeneous origins, this amount is further reduced and is not sufficient for detection under the experimental conditions used. Recently, clonality of subgroup F leukosis virus-induced nephroblastomas has been demonstrated as well (48) . There are several possible explanations for the lack of detection of tumor-specific fragments in the remaining two tumors: the restriction enzymes may give rise to very large virus-cell junction fragments which are not in the separation range of the gel; the 5' end of the integrated provirus may be deleted, in which case tumor-specific fragments cannot be detected with the viral 5' end probe used for hybridization; or individual transformed foci may have grown together. The finding of a high percentage of tumors with clonal growth confirms an old model for nephroblastoma formation which was based on histological observations. It has been postulated that primitive mesenchymal, nephrogenic cells residual in the postembryonic kidney are the target cells for transformation and that the tumor grows by proliferation of these primitive mesenchymal cells and their differentiation to terminal tissues of epithelial kidney structures and occasionally fibrosarcomas, cartilage, and osteoid (27) . The finding of a gradient of differentiation in the tumor and the observation that cell division is very frequently seen in less differentiated 1) 2) 3) 4) Example of an analysis of DNAs from nephroblastoma 2 and adjacent normal kidney of animal 3971 for oncogene rearrangement and amplification. Southern blots of EcoRI-digested DNAs were hybridized with the oncogene probes indicated in the figure. myb, myc, ros, and src hybridizations were exposed to X-ray film for 16 h; raf, yes, fes, sis, and fms hybridizations were exposed for 48 to 96 h. K lanes, Kidney DNA; N lanes, nephroblastoma DNA. Size markers (lane MW): 9.8, 6.6, 4.5, 2.1, and 1.9 kb.
elements of the tumor and rarely seen in terminally differentiated structures also support this concept. The distribution of mitotic figures also means that after differentiation, the tumor cells stop cell division. Therefore, proliferation is not a dominant phenotype of the transformed cells; rather, there are still regulative mechanisms which are able to act on cell cycle control. When analyzing the sizes of the tumorspecific fragments of individual nephroblastomas, we observed three tumors with virus-cell DNA junction fragments of similar lengths. This is an indication that there might be a common integration site, but preliminary experiments with double digestions do not support this conclusion.
Since we used a probe for hybridization which contains R, U5, gag, and a short piece of pol sequences, the number of tumor-specific fragments reflects the number of proviruses containing 5' end sequences. This number ranged between one (in 50% of the cases) and three to four; in an extreme case, it was seven. There could be, in addition, proviruses which are deleted at the 5' end which hybridizes to the probe. This might be the case in those two tumors where no tumor-specific fragments were detected with all the restriction enzymes used. The presence of the 1.2-kb virus-internal PstI fragment spanning a region containing part of the gag gene and the beginning of the pol gene argues against this possibility.
Deletion of the 5' LTR and, in some cases, coding sequences of the provirus is a common observation in ALV-induced leukemia, and, therefore, many of these tumors lack expression of viral genomic and env messages (41) . In contrast, in MAV-induced nephroblastomas, we consistently found very high levels of both viral messages. The levels of viral RNA in the nephroblastomas were even higher than in normal infected kidneys, which had large amounts of virus particles (54) (31) . N-myc is amplified in these tumors, but this amplification is correlated with an advanced stage of these diseases and is not regarded as a primary event in tumor formation (6, 32) . Most of the retinoblastomas, however, showed overexpression of Nmyc without amplification of the gene (32) . Although there are parallels with the enhanced c-myc expression in avian nephroblastomas, one has to consider that the homology of N-myc to c-myc is limited and confined to the 5' domain of c-myc. myc expression is involved in cell cycle control (7) . Activation of myc by insertional mutagenesis as a possible mechanism for the enhanced myc expression would not be consistent with the observation that cell division stops in terminal tissues of the nephroblastoma, because this mutation is dominant and leads to continuous myc expression and therefore to continuous cell division. Since myc not only acts as an oncogene but is expressed in normal dividing cells (29) , and since normal embryonic kidney structures and nephroblastomas have a similar histology (24) and development, then the enhanced myc level might be a reflection of the embryonal state of the tumor. If so, embryonic kidney and nephroblastomas should have comparable myc-levels, and, indeed, they do. myc expression is therefore not a newly acquired tumor-specific property but reflects the normal physiological level of developing embryonic kidneys. This fact, combined with the morphological data, suggests to us that the nephroblastoma may arise by a lack of a function which can turn the embryonal status off. We further postulate that this function would normally be active when the development of the kidney is terminated, but if it is lacking in a given nephrogenic cell or is inefficient due to constitutive expression of embryonal functions, this cell will continue to produce renal structures, which then form the blastoma.
How the interaction of the virus with the target cell might prevent this function from becoming active is an open question. There are several differences from the situation of lymphoid leukosis which may indicate that mechanisms other than transcriptional activation of cellular genes by promotor insertion might be involved in the formation of nephroblastomas. For example, viral message was expressed in all of the nephroblastomas studied. Therefore, there is no indication for a deletion of 5' regulatory sequences in the viral genome, a feature which is believed to be necessary to promote downstream transcription from the 3' long terminal repeat. Furthermore, the analysis of tumorspecific fragments does not point to a common integration site. Finally there must still be a high degree of regulation in
